Doppler shifts of emissions from neutral species have been observed for the first time in a positive column of a DC glow discharge. For a detailed study, we have chosen emissions of H 2 and its isotopomers in a hydrogen discharge using a high resolution Fourier-transform spectrometer. Experimetal evidence supports the conclusion that the observed shifts derive from momentum transfer during electronmolecule collisions that produce the emissive excited states. A theoretical model has been formulated to relate Doppler shifts to the drift velocity of electrons in the discharge as well as to the momentum transfer of electron-molecule collisions.
INTRODUCTION
We have recently begun to explore the possibility of Doppler shifted Fourier Spectroscopy(DSFTS) as a technique for probing the physical and chemical processes occurring in plasmas and discharges. Briefly we have used the high stability and resolution of FTS to measure the Doppler shifts of ion emissions as the polarity of a discharge is reversed.
The magnitudes of the shifts have proved to be a sensitive probe of the ion's formation mechanisms 1, 2 .
In the present experiments we have applied the same experimental technique. However in this case we have monitored the emissions from excited states of neutral H 2 and its isotopomers. We find that these lines are also Doppler shifted and that these shifts are correlated with discharge polarity and multiplicity of the emitting molecular state. It appears that a similar phenomenon, velocity modulated IR absorption spectra of H 2 in discharges, has been previously mentioned 3, 4 ; however, no detailed descriptions of the effect have ever been reported.
In this paper we describe our observations and develop a theoretical framework for their explanation. Interestingly we find that the Doppler shifts that we observed are sensitively related to the details of the electron-molecule collisions which generate the excited states from which emission is observed.
EXPERIMENTAL
Emission from the positive column of a pure H 2 or H 2 /D 2 /HD discharge is recorded by a Bruker IFS-120HR Fourier-transform spectrometer. In brief, the input axis of the spectrometer coincides with the axial plasma electric field of the positive column. The spectrometer collects the emission light parallel to the axis. Two spectra are collected with opposite discharge polarities but with otherwise identical discharge conditions. Doppler shifts are determined by comparing the positions of the lines in the two spectra. Specifically, the Doppler shift, ∆ν, is defined as half the distance between the centers of two oppositely shifted lines.
The experimental setup and procedure are similar to that which we have described previously 2 . The main modification for the present experiments is that the central part of the U-type discharge cell is a 3 cm-long tube with a reduced internal diameter of 2 mm instead of 8 mm for the remainder of the cell. This allows a higher current density at the focus of the lens collecting light and hence greatly strengthens the emission signal. The discharge current was maintained at 50mA throughout the experiment, while a spectrometer resolution of .02 cm −1 was used.
EXPERIMENTAL RESULTS
It is customary to consider the theory underlying a phenomenon before considering the experimental results. However, in this case, surprising experimental results motivated our development of the theory so it seems appropriate to summarize our novel experimental observations first.
As noted in Section 1, our previous studies involving polarity switched discharges, reported the Doppler shifts of the spectral lines of ionic species. In the case of H 2 emission from a discharge there is little or no reason to expect either direct or indirect ion involvement. Ergo, it was a somewhat unexpected observation when we detected discharge-polaritydependent shifts in the H 2 emission lines.
Such spectral shifts are shown in Fig.1 for two excited state emissions of H 2 while Fig.2 shows that the shifts scale inversely with the mass of the isotopomer. Two more qualitative observations can be made. The shifts, while distinctly observable, are smaller than those previously reported for long-lived atomic and molecular cation emission. Furthermore, the correlation with discharge polarity is opposite to that of the cations, i.e. it corresponds to the Doppler shift of a negatively charged particle.
We have in addition made two quantitative observations. One of these observations is summarized in Table I where the shifts, ∆ν, of a number of emitting states are summarized for the same discharge conditions(0.6 torr pure H 2 ). The shifts fall into two distinct groups:
one for triplet states and another for singlet states. Within each group ∆ν is the same within experimental error.
The other quantitative observation is shown in Fig.3 . This figure plots the ratio, ∆ 1 /∆ 3 , of the shift of a emitting singlet state to that of an emitting triplet state as a function of gas pressure in Fig.3a and electron temperature in Fig.3b . Clearly, this ratio is fairly strongly pressure and electron temperature(see section 4) dependent.
THEORY
The only negative charge carriers of any abundance in a H 2 discharge of this nature are electrons. Hence, we begin our analysis with the assumption that the Doppler shifts observed for H 2 emission lines derive from momentum transferred in the electron-molecule collisions that produce the excited states. Since the observed emitting states are short-lived, any momentum transferred upon excitation should be unperturbed by collisions before the state emits. Because of cylindrical symmetry about z, we can take the azimuthal angle at any value, and we chose zero.
In the molecule-fixed coordinate system, it is straightforward to write the equations expressing conservation of momentum in the z and x directions and conservation of total energy, respectively
e . E is also the collision energy since the H 2 molecule can be considered initially at rest in the collision frame.
If we now rotate the vector u M into the space-fixed coordinate system we find for the component, u Mz (E, β) along the z-axis (the only term affecting the observed Doppler shifts), the following expression
To obtain the observed Doppler shift, we need to average this expression over several distribution functions including the electron velocity distribution in the space-fixed system, the distribution of scattering angle β, etc. We will calculate all the averages according to the standard procedure
where f (λ) is the normalized distribution function for the quantity λ.
The electron's velocity distribution can be considered to be a Maxwell-Boltzmann distribution modified by the presence of the axial electric field,
Using Eqs. (4) and (5) to average over the orientations of electron's velocity, we obtain
and
where
is the drift velocity of electrons of a given energy E. From the Appendix we show that u d e (E) can be expressed as
In Eq. (7), E is the axial plasma electric field, N the gas density, T e the electron temperature and σ m (E) the momentum transfer cross section for electron-molecule collisions.
The distribution function for the scattering angle β, f(β), is different for collisions for excitations to singlet and triplet states. We have taken f(β) as proportional to the experi- We numerically performed the integrations of these functions multiplied by cos β, and have obtained cos
The first value is consistent with the fact that the triplet excitation is basically an electron exchange process with a nearly isotropic distribution for the scattered electrons. On the other hand the differential scattering cross section for singlet excitation is strongly peaked for small angle scattering, i.e.,β ≈ 0.
We can now write u Mz , the velocity component after averaging over the distribution of scattering angles
where T i (E), called the momentum transfer factor, is given by
and i=1 or 3 denoting either an excitation to a singlet or triplet state respectively, with the numerical values given by Eqs (8) . Clearly the factor T can be identified as the percentage transfer of the electron's z-component of momentum to the molecule through collision. The factor T i is plotted vs E in Fig.5 .
Since both u d e (E) and T i (E) are functions of energy, we need to average Eq.(9) over the probability, F (E), that a photon was observed as a result of a collision between a molecule and an electron of energy E. We take that probability as proportional to the cross section σ i (E) for excitation to the excited state and the number of electrons available at energy E, which is given by the Boltzman distribution of electron energy. Therefore
To obtain σ i (E) we again return to experimental data. While experimental electron impact excitation cross sections are not available for all the observed states, we note that for states of comparable excitation threshold energy, ε i , the normalized experimental curves can be well represented by the following empirical equation
where b i is a constant that can be determined by simulating the experimental curve with Eq. (12) . The denominator in Eq. (12) is introduced for normalization. In Fig.6 we show that the simulation by Eq. (12) is in good agreement with the available experimental data 5,9 . The experimental momentum transfer cross section σ m (E) is also available 10, 11 and is plotted in Fig.7 . It can be well simulated by a polynomial in inverse energy as shown in Fig.7 and that simulation was used in the integration described below.
To obtain the observed Doppler shift, we combine Eqs. (9) - (12) and integrate, yielding
Eq. (13) relates the Doppler shift to the electron's drift velocity, the momentum transfer between electrons and molecules and other plasma parameters as well. It provides a basis for the interpretation of the experimental results. From Eq.(13) we can also write the expression for ∆ 1 /∆ 3 (∆= ν/ν 0 ), the ratio of Doppler shifts for singlet to triplet excited states
Eq. (14) is useful because it doesn't contain the unknown plasma electric field E and may be calculated numerically and compared directly with the experimental results.
To actually perform the integration in Eqs. (13) or (14), we need the electron temperature T e . The electron temperature in the positive column of a discharge can be determined by the following equation 
where V = ionization potential of the gas P = gas pressure in torr R = radius of the discharge tube in cm and the a is an empirical constant 8 ; for H 2 a 2 = 2.14× 10 3 Fig.3 compares the value of ∆ 1 /∆ 3 predicted by Eq.(14) as a function of T e (or as P from Eq.(15)) to that obtained experimentally.
DISCUSSION
There are at least three experimental observations that need to be understood theoreti- A second and much more strigent test of our understanding of the phenomenon is given by Fig.3 where the ratio of singlet/triplet Doppler shifts, ∆ 1 /∆ 3 , is plotted vs pressure or electron temperature, the latter two quantities being related by Eq.(15). As can be seen from Fig.3 , there is excellent quantitative agreement between the experimental observations and the curves generated from Eq.(14). This result is even more remarkable since no parameters were fitted to achieve this agreement. All the factors entering into Eq.(14) were determined from previous investigations.
While the quantitative agreement is important, it is useful to understand the qualitative reason behind the variation of ∆ 1 /∆ 3 with kT e . This ratio departs from a unity furthest under the conditions when the electron temperature is highest. The principal, but not quantitatively sufficient, explanation for this non-unity ratio comes from the transfer function T i .
As Fig.5 shows, as the energy of electron increases, the percentage transfer of the electron momentum to triplet hydrogen remains constantly high, but decreases dramatically for singlet hydrogen. Fig.6 shows that high energy electrons remain efficient for excitation of the singlet states. As kT e rises, more high energy electrons with small T become available for excitations of the singlet states and reduce their average Doppler shift.
The final point that requires discussion is the magnitude of the observed Doppler shift.
We can evaluate Eq. (13) 
This E value seems rather large, but is supported by its independent measurement via the Doppler shift of the B-X emission of N + 2 . By adding 40 mtorr N 2 gas into the 0.6 torr H 2 discharge, we are able to obtain the B-X emission spectrum of N + 2 and its Doppler shift, (∆ν/ν 0 ) + . As described previously, E can be determined by the following equation
where M is the mass of N The high electric field in the discharge suggested by either Eq.(16) or Eq.(18) is due partially to the small diameter of the discharge tube. It is well known 13 that the electric field will be enhanced if a small diameter discharge tube is used. The method of Eq. (17) has allowed an experimental investigation of the discharge tube size effect. We also studied a He discharge because its discharge electric field is known from previous work 2 for a 8 mm diameter tube. Under the gas condition of 10 mtorr N 2 in a 0.5 torr He, the electric field was found to be 14.2 V/cm, compared to 6.4 V/cm in the 8 mm tube and under the same discharge conditions.
CONCLUSION
Overall there seems to be almost remarkable agreement between the observed Doppler shifts and our predictions based upon a large number of previously measured electron-H 2 collision properties. As Eq. (13) shows, the Doppler shift is determined by an energy average over three parameters, u 
APPENDIX
Based on the Maxwell-Boltzman transport equation for electrons in a gas in the presence of an external electric field E, the averaged drift velocity, w, can be calculated by
where N is gas density, σ m (u e ) the momentum transfer cross section for electron-molecule collisions, and function g 0 (u e ) has the form 
which is Eq. (7) in the text. 
